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Mass transport of chemicals into wood is important in kraft pulping.  This thesis models 
small wood particles as cylinders and monitors how tritiated water and sulfide diffuse 
into the water-filled pores.  Tritiated water diffusion is Fickian and diffuses completely 
into the water contained in the wood.  Tortuosity values of the aspen and pine are 
tabulated.  As particle size decreases, the tortuosity of the particles increases.  As sulfide 
diffuses into wood, it is occluded from some water filled areas.  Charge exclusion is a 
possible explanation for this.  Sulfide and hydroxide transport into wood chips was 
displayed using indicators for each component.  Pictures show sulfide ingress into the 
chip core faster, thus confirming the diffusion results.  Fractionated sawdust was pulped 












CHAPTER 1  
INTRODUCTION 
 
Kraft pulping of wood has been practiced for over 100 years and has been extensively 
studied.  The main focus of the research is on the chemical reactions of the reacting 
species hydroxide and sulfide with the wood constituents, lignin and cellulose.  The 
delignification and cellulose degradation reactions do not occur in a homogenously 
mixed slurry.  Lignin and cellulose are fixed components in wood and the chemical 
species must first enter and diffuse through the wood to react.  In a chemical reaction, the 
availability of the reactants will influence the rate of the reaction.  A chemical reaction 
will not proceed without reactants in place. 
 
In kraft pulping, chemicals must diffuse through the water filled pores of wood to react 
with lignin and cellulose.  In completely water-saturated wood, the only method of 
chemical transport is via diffusion.  The purpose of this thesis is to study how chemicals 
diffuse into water saturated wood.  The rate of diffusion of water into saturated wood is a 
reference point against which the uptake of other compounds can be benchmarked.  The 
use of tritiated water (HTO) allows such a measurement to be made.  Tritiated water is a 






Treatment of wood with high sulfide solutions has been shown to increase the efficiency 
of kraft cooking.  This thesis examines how sulfide diffuses into wood with respect to 
isotopic water and discusses some of the controlling factors.   
 
The unique aspect of the thesis involves the use of a conservative tracer to examine how 
water diffuses into a water saturated material.  The model development and diffusion 
analysis has not been for wood for this type of system.  The results indicate that charge 
exclusion may occur with anions leading to different diffusion rates during kraft pulping 





CHAPTER 2  
LITERATURE REVIEW 
2.1 Diffusion 
Diffusion is a transport phenomenon that describes the movement of matter or energy.  It 
is typically stated that thermal or mass diffusion occurs when there is a temperature 
gradient or a concentration gradient.  When those gradients exist there is certainly heat or 
mass transfer occurring via diffusion, but diffusion can occur even in the absence of heat 
or mass transfer.  Diffusion is ultimately caused by the inherent energy of the atoms and 
molecules.  Diffusion can occur without heat or mass transfer because the diffusion in 
each direction balances out.   
 
2.1.1 History of Mass Transfer and Diffusion 
Atoms and molecules exhibit random motion even though there is no external driving 
force for movement.  This random motion is known as Brownian motion, and is credited 
to Robert Brown, a Scottish botanist who observed pollen grains suspended in water in 
quartz that exhibited a jittery motion.  He also observed dust behaving in a similar 
fashion to rule out the motion was caused by some “life” process[1].  The origin of the 
motion was still undetermined. 
 
In 1855, Adolph Fick, a German physiologist postulated the concept of diffusion by 
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was born. Here Jx is the diffusion flux in the x-direction, D is the diffusion coefficient, c 
is the concentration and x is the position.  There was no explanation as to why diffusion 
coefficients were different for different molecules and no connection was traced to 
Brownian motion. 
 
In 1905 Albert Einstein and Marian Smoluchowski provided an explanation of Brownian 
motion.  They reasoned that if the kinetic theory was true, then water molecules would 
randomly move and collide with suspended particles, thus giving a random motion to the 
suspended particle[3].  The random collisions to the particles would explain the motion 
observed by Brown.  The diffusion process could be mathematically described by a 
statistically driven spreading process using the random walk analysis.  Random walk 
analysis in this case is based on the diffusing molecule taking successive steps each in a 
random direction 
 
2.1.2 Diffusion of Gases 
Diffusion of gases can be mathematically modeled easily due to molecular spacing; 
intermolecular forces can be neglected.  In gas mixtures, the diffusion coefficient can be 





For an ideal gas, kinetic theory can be applied, and the diffusion coefficient can be  
assumed to be proportional to the mean molecular velocity and the mean free path[4].  
The mean free path and mean molecular velocity can be stated in terms of the empirically 
measured parameters pressure, temperature, and molecular weight and combined to give 
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was proposed by Gilliland, where  
Dab = diffusivity of a in b, m2/s, 
 T = absolute temperature, K 
 M = molecular weight, kg/kmol 
 V = molar volume at the normal boiling point, m3/kgmol 
 P = total pressure, atm 
 
Gilliland’s equation is adequate, but another equation proposed in 1966 is more accurate.  
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data.  The diffusion volume ∑v, is the sum of the atomic volumes for all the atoms in 





Another way to determine the diffusion coefficient for gases is to take into consideration 
the forces acting between molecules.  The Lennard-Jones potential will describe the 
attractive and repulsive forces between atoms.  Hirschfelder et al. [6] derived Equation 














   (2.4) 
 
where σAB = collision diameter, m 
 ΩD = collision integral 
 
The collision diameter and collision integral are estimated using the Lennard-Jones 
potential, and will not be covered in this discussion.   
 
2.1.3 Diffusion of Liquids 
Liquids are more difficult to model than gases and solids.  Liquids have strong 
intermolecular forces but are not ordered like atoms and molecules in a solid.  Thus, 
describing the liquid state quantitatively is difficult.  These difficulties have given rise to 
many experimental techniques to measure diffusion coefficients. 
 
There are three approaches to predicting diffusivities in the liquid state.  They are hydro-
dynamical, quasi-crystalline, and fluctuation theories.  Most equations are based on 




movement.  The Stokes-Einstein equation gives the physical interpretation that a solute 
molecule represented by a hard sphere moves through solvent molecules that are much 
smaller.  Stokes described the force acting on an atom and Einstein proposed Equation 
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where k = Boltzmann’s constant 
 r = particle radius 
 µ = viscosity 
 
The model has many drawbacks that arise from its simplifications of molecular 
interaction, but it does predict diffusion coefficients within an order of magnitude[7].   
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for predicting diffusivity in dilute solutions of nonelectrolytes[8].   
Here µ = viscosity of solution (cP) 
 VA = molar volume of solute at the normal boiling point (m3/kgmol) 





The association factor ranges from 1.0 to 2.6 and accounts for interactions of the solvent.  
The factor is 1.0 for non-polar solvents, 1.5 for ethanol, and 2.6 for water.  Equation 2.6, 
also called the Wilke-Chang equation usually gives results within ten percent of 
experimental data when water is the solvent.  The error increases slightly when using 
organic solvents and is not suited for predicting diffusivity when water is the solute[9]. 
 
The Wilke-Chang equation does not hold for concentrated solutions.  Diffusion for 
liquids is dependent on the concentration.  Vignes proposed that since most concentrated 
solutions are non-ideal, then the non-ideality is responsible for changes in the diffusion 
coefficient[10].  Leffler and Cullinan expanded on Vignes equation to include the 
changes in viscosity at different concentrations[11] resulting in Equation 2.7. 
 



















µµµ oo    (2.7) 
 
Here D°AB = diffusion coefficient independent of concentration 
 µm = viscosity of the mixture 
 x = mole fraction 
 γA = activity coefficient 
 
If viscosity data are known for the mixtures and the individual components, the Leffler 






2.1.4 Diffusion in Solids 
Diffusion in solids is much slower than diffusion in liquids and gases.  In crystals, a 
diffusing molecule must displace a lattice molecule, transport into a void, or be able to 
migrate through the interstitial areas of the crystal lattice.  Some of these diffusion 
mechanisms require high activation energies to proceed.  In other solids, diffusion may 
occur via a diffusion path such as a grain boundary or a surface.  When these diffusion 
paths are present, the diffusivity can be orders of magnitude higher than the diffusivity in 
the perfect solid.  Depending on the mechanism, the diffusion coefficient in solids can 
range from 10-10 m2/s to 10-37 m2/s.   
 
Diffusion in porous solids is a special case of diffusion and is very important for reaction 
in solids and catalysis.  There are two primary types of diffusion in porous solids, 
ordinary and Knudsen diffusion.  In ordinary diffusion, the mean free path of the 
diffusing molecule is much smaller than the pore diameter of the material.  In cases 
where the diameter of the pore is smaller than the mean free path of the diffusing 
molecule, Knudsen diffusion will occur.  There is also a transitional area where both bulk 
diffusion and Knudsen diffusion occur[12].   
 
In Knudsen diffusion, the diffusing molecules contact the pore walls more often than they 
contact other molecules.  The molecules adsorb to the surface of the pore and then desorb 
in a totally random direction.  For straight round pores the Knudsen diffusion coefficient 
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Where DK,a = Knudsen diffusion coefficient (m2/s) 
 r = pore radius (m) 
  
Diffusion in porous solids occurs through void spaces in the material.  Therefore, the 
porosity of the material is accounted for.   In addition, the pores of a material are usually 
not perfectly straight.  The tortuosity is a measure of how pathways wind and meander 




aea DD =,      (2.9) 
 
where Da,e = effective diffusion coefficient for a 
 ε = porosity of the solid 
 τ = tortuosity factor of the solid 
 
The above equation can also be directly translated for calculating effective Knudsen 
diffusion coefficients.  In cases where both Knudsen diffusion and bulk diffusion occur in 
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In Knudsen diffusion pressure does not affect the diffusion coefficient.  In porous solids, 
if the diffusion is influenced by pressure, it is an indication that the diffusion is 




Trees have been utilized by ancient man for fuel and building structures, and in modern 
times are still used for those same purposes.  In order to study the diffusion of materials 
into wood particles, the structure and composition of wood must be presented.   
 
There are three directions when describing a tree, longitudinal, radial, and tangential.  
The longitudinal direction runs along the long axis of the tree.  The radial direction runs 
from the center of the tree to the outside.  The tangential direction curves around the tree.  
 
Besides direction, there are three faces to the tree.  First, there is the cross section view, 
which is exposed when the log is cut at right angles to the long axis.  The tangential 
surface is the plane viewed if the bark was stripped off.  Finally, the radial surface is 
viewed when the cut follows a radius of a tree along the long axis.  These planes are 






Figure 2-1 Section of a tree showing the planes of wood[13] 
 
2.2.2 Tree Classification 
Present day trees belong to the division spermatophytes in the evolutionary classification.  
There are two subdivisions of spermatophytes, angiosperms and gymnosperms.  In the 
gymnosperm subdivision, which includes shrubs as well as trees, there is the coniferales 
class or conifers.  Conifers can be classified as trees which have exposed seeds on the 
scales of cones.  Conifers are also generally known as softwoods.  Broadleaf trees are 
classified as angiosperms, commonly known as hardwoods.  The angiosperm subdivision 
is split into dicotyledons and monocotyledons and includes grasses and herbaceous 





2.2.3 Structure of Coniferous Wood 
Viewing the transverse of cross-section plane of a tree, light and dark areas form 
concentric rings.  The light part of the ring is called earlywood or springwood and is 
formed during the beginning of growth in the spring.  The darker region of the ring is the 
latewood or summerwood and is formed in the later part of the growth season.  The 
transition between earlywood and latewood can be gradual or abrupt, allowing for 
differentiation between species of wood.  The average composition of softwoods is 
shown in Table 2-1 [14]. 
 
Table 2-1 Composition of typical softwood 
Component % by weight
Cellulose 42 ± 2 
Hemicellulose 27 ± 2 
Lignin 28 ± 3 
Extractives 3 ± 2 
 
Close examination of a cross-section view of a tree shows a honey-comb type structure, 
with openings that differ in size.  Closer examination shows a tubular structure with 
pointed ends.  These structures are the tracheids or wood fibers.  In addition to the fibers, 
there are structures that start from the center of the tree and point radially outwards 
towards the bark in a straight line.  These are known as wood rays.  Tracheids of 
softwood trees have a length of around 3 millimeters with a diameter of 30 
micrometers[15].  Softwood tracheids are single cells while rays are composed of many 
small cells of about 0.25 millimeters in length.  The volume proportion of rays in 





Some conifers such as pine and Douglas fir contain resin ducts.  Resin ducts are three 
times the diameter of a tracheid and are lined with small ducts that secrete resin.  These 
ducts can run along the long axis of the tree and radially from the center.  The radial 
canals are slightly small in diameter to the axial canals.   
 
Fibers are connected to each other by the middle lamella.  The middle lamella is 
comprised of mostly lignin and acts a glue or matrix to keep everything in place.  There 
are also pits on the tracheids that allow material to be transferred between fibers.  Figure 
2-2 is a cross-section view of a softwood showing earlywood and latewood fibers. 
 
 





2.2.4 Structure of Hardwood 
The most distinct characteristic of a hardwood that separates it from conifers is the 
presence of vessel elements.  Vessel elements have larger cross-sections than fibers, and 
are used for the conduction of sap.  The individual vessel elements are short, generally 
around 1 millimeter long, but are connected together to form longer structures.  Some 
species of hardwood contain numerous vessel elements with large openings, giving a 
porous appearance.  Hardwoods are classified by the arrangement of its vessel elements.  
Vessel elements that are uniformly distributed throughout the growth rings are diffuse-
porous woods.  Ring-porous hardwoods have rows of large pores next to each other in 
earlywood and smaller pores in latewood.   
 
Rays of hardwoods are more developed and easily seen on transverse or tangential views.  
Hardwoods also form tyloses in the heartwood or center region of the tree.  Tyloses are 
ingrowths that restrict the passage of material.  Hardwoods also have shorter length 
fibers, around 1 millimeter long.  Figure 2-3 is a picture of a hardwood showing fibers 






Figure 2-3 Cross-section view of hardwood [13] 
 
2.2.5 Composition of a Fiber 
The tracheids in a tree impart rigidity and strength and are valuable in papermaking.  
Tracheids have several parts, with each part varying in composition and size.  Polymeric 
materials cellulose, hemicellulose, and lignin comprise the tracheid wall.  There are also 
secondary components that may be in the tracheid such oils, tannins, and other 
extractives.  However, these components do not impart any structural benefits to the 
tracheid.  They do have an effect on color, odor, and biological resistance.   
 
2.2.6 Cellulose 
Cellulose is the main component of tracheids comprising 40 to 50 percent by mass.  




dissolve.  Cellulose functions as the fibrous component that provides strength and has 
crystalline chains that are too closely packed for water to penetrate them.  The repeating 




Figure 2-4 Chemical structure of cellulose – 1,4-β-linked glucose inside bracket [16] 
 
 
Cellulose is insoluble in water and has a high degree of polymerization or number of 
repeat units in one macromolecule.  In wood, the degree of polymerization is 10,000[17].  
In cotton it is higher, reaching 15,000.  The OH groups abundant on the cellulose chain 
result in lateral bonding to other cellulose chains.  Cellulose chains may be in crystalline 
or amorphous forms.   
 
2.2.7 Hemicellulose 
Hemicelluloses comprise 20 to 35 percent mass of the cell wall and improve the 
structural properties of wood.  These compounds provide bonding between cellulose 
fibrils via hydrogen bonding and through direct linkages.  Hemicelluloses are made up of 
polysaccharides of different sugar monomers.  Their degree of polymerization is much 




are completely amorphous.  The principal hemicellulose in hardwoods is xylan, and the 




Lignin is an amorphous 3-dimensional polymer with the basic structural unit of 
phenylpropane.  Lignin is a thermoplastic polymer, as it is heated above its glass 
transition temperature, it becomes rubbery.  This corresponds to the onset of chain 
motion.  As lignin is removed from wood, it loses its thermoplasticity.  Lignin is 
insoluble and cannot be removed from wood without severe degradation due to its high 
molecular weight and 3-dimensional structure.  Lignin is sometimes described as the 
“glue” that holds a tree together; a more accurate term is amorphous matrix that 
reinforces the tree. 
 
Lignin is not hygroscopic in nature and provides a barrier to water penetration.  Located 
in the cell wall, lignin acts as a bulking agent.  It also reduces the dimensional changes 
that occur with moisture changes in the cell wall.  The most important feature of lignin is 
the rigidity and stiffness it imparts to the cell wall.   
 
Phenylpropane is a phenol ring that can be substituted with methoxyl groups.  One 
methoxyl group addition gives the guaiacyl unit, while two additions give the syringyl 
unit.  Softwoods contain guaiacyl lignin and hardwoods contain a copolymer of guaiacyl 






Figure 2-5 Building units of lignin [18] 
 
The phenylpropane units are polymerized by the tree to form the complex form of lignin.  






Figure 2-6 Softwood lignin [19] 
 
2.2.9 Secondary Components 
These fall into two categories, extractives and ash.  The ash content of wood is low, 
typically less than one percent of oven dry weight for domestic trees.  Calcium, 
potassium, and magnesium constitute the majority of the ash.  These metals can be 
associated with the extractives or can be found in crystalline form. 
 
Extractives encompass a wide range of organic compounds.  They can be located in the 
cell wall or inside the cell lumen.  Some extractives have economic importance; e.g. 




Polyphenols are an abundant extractive and include tannins, anthocyanins, flavones, and 
lignans.  The amount of extractives of wood is small, usually only a couple of percent of 
the ovendry weight of wood.  Extractives do not impart any structural benefits to the 
wood but do have an effect on color, smell, and biological resistance. 
 
2.2.10 Structure of Tracheid 
The components mentioned in the previous section combine to form the cell walls or 
tracheids of the tree.  The polysaccharides are ordered into clustered filaments also 
known as microfibrils.  These long strands are 10 to 12 nanometers in width and 5 to 6 
nanometers in thickness.  Microfibrils contain long chains of cellulose encased in 
hemicellulose.  Lignin surrounds and connects the microfibrils.   
 
Microfibrils vary in orientation depending on location in the cell wall.  As microfibrils 
are produced in the cell wall, lignin encases them and together forms a reinforced matrix.  
The microfibrils contribute high tensile strength along their axis while the surrounding 
lignin supplies plasticity.  This combination gives wood its structural properties.   
 
Microfibrils are not perfectly parallel and uniformly filled with lignin.  There are void 
spaces present that allow for movement of moisture.  These voids are long slender 
cavities called microcapillaries.  The microcapillary volume is dependant on moisture 
content of the cell wall, with maximum void volume occurring with complete saturation 





The cell wall has several layers that vary in composition and microfibril angle.  Figure 
2-7 is a diagram featuring the various regions of the wood fiber. 
 
 
Figure 2-7 Cell wall layers of fiber showing primary fibril orientation [16] 
 
The region between adjacent tracheids is the middle lamella.  There are two parts of the 
middle lamella, the primary cell wall and the true middle lamella.  The true middle 
lamella is almost all lignin and pectin.  The primary wall is thin and contains mostly 
lignin and pectin.  Since it is difficult to distinguish the separation of the two, they are 
combined and called the compound middle lamella.   
 
The primary wall contains about 9 percent cellulose and is 0.1 microns thick in the living 
tree.  Upon drying, the layer shrinks to 0.03 microns thick.  The microfibrils in the 
primary layer are loosely interwoven.  The microfibril angle in the primary wall is around 





The secondary cell wall is split into the regions S1, S2, and S3 layers.  These are 
distinguished by layer thickness and microfibril orientation.  The outside layer, S1 has 
microfibrillar groups that are in alternately crossed helixes.  The S2 layer is much thicker 
and has microfibrils that are nearly parallel to the fiber axis.  The S3 layer has 
microfibrils aligned perpendicular to the S2 layer.  Each layer in the tracheid contains 
different amounts of lignin, hemicellulose, and cellulose.  Figure 2-8 is a diagram 
showing the approximate percentages of materials in cell wall layers[21]. 
 
 
Figure 2-8 Percentage of components throughout cell wall [15] 
 
The graph shows that the highest percentage of lignin is in the middle lamella.  The S2 
layer contains the most lignin by weight because it is such a large component of the 





A notable effect of the S2 layer having the majority of microfibrils oriented in the 
longitudinal axis is the hygroscopic dimensional changes.  When wood gains moisture, 
water does not penetrate into the microfibrils, but goes between them.  Since the S2 layer 
is the thickest, as wood gains moisture and swells, it swells in thickness.  There is little or 
no dimensional change upon moisture changes in the axial direction of the fiber.  This 
property of wood fibers has important ramifications in the production of paper.   
 
2.2.11 Cell wall pitting 
Cell walls have gaps or perforations in the secondary wall, creating a passage between 
adjacent fibers.  These gaps or pits allow for material to be transported among the 
tracheids.  Normally pits occur in pairs, located across each other on adjacent tracheids.  
Single or blind pits do occur when the other pit is missing or if it opens into the 






Figure 2-9 Types of pits and structures [16] 
 
The pit cavity and the pit membrane are the primary parts of the pit structure.  There are 
two types of pits, simple and bordered.  Simple pits have uniform cavities while bordered 
pits have constricting cavities from the outside layer to the lumen.  Pit pairs can be of 
similar or dissimilar pits.  Most of the inter-tracheid bordered pits are along the tapered 
portions of the radial surfaces.  The number of pits per softwood tracheid varies from 50 
to 300 in earlywood; fewer in latewood[22].   
 
Pits can become closed off or aspirated, thus restricting transport through them.  Pits may 
also become closed due to extractive buildup or lignin encrustation.   
 
Pit openings and cavities are quite variable, between latewood and earlywood, conifers 




closed by a flat central plate called the torus.  The torus is connected to the pit through 
radially oriented strands.  The strands and the torus are located in the region of the pit 
membrane called the margo. 
 
Tension wood forms in trees to stabilize the tree and branches.  In softwoods, 
compression wood forms on the underside of leaning trees and branches.  Virtually every 
tree has some compression wood, but the amount varies considerably from tree to tree.  
Compression wood is characterized by high density, rounded thick-walled tracheids, 
large fibril angles, highly lignified secondary wall, shorter fiber length, and spiral checks 
in the cell wall.  The cellulose content of compression wood is only 30%, compared to 
42% in normal softwood[23].  The lignin content can be as high as 40%.  The lignin in 
compression wood is more highly condensed than a normal softwood lignin.  
Compression wood will cause problems in pulp manufacturing.  Compression wood 
fibers do not respond well to refining. 
 
2.3 Water and Wood 
Water is essential to the tree for growth and sustenance.  Water is taken up by the root 
system and transported throughout the tree.  Once the tree is cut down, water uptake 
stops.  The moisture content in the wood at this point is the green moisture content.  The 
green moisture content is different between species of trees and can change depending on 
climate or location within the tree.  While water is important to the living tree, it is a 
costly nuisance for wood-related industries.  The amount of energy released by 




moisture content, the more water is being shipped unnecessarily.  However, removal of 
this water prior to shipping or burning can be quite costly and time-consuming.   
 
The moisture content of wood is usually given as a percent, and is based on the weight of 







CM     (2.11) 
 
where Ww is the weight of water in the wood and Wo is the ovendry weight of the wood.  
The weight of water is found by subtracting the ovendry weight of the wood from the wet 
weight of the wood.   
 
2.3.1 Water in Wood 
When wood cells are newly formed in a tree, they are saturated with water.  Water is 
found in the cell wall and in the cell cavity or lumen.  The wood cells stay saturated until 
they are no longer used for water conduction.  As the liquid water leaves the lumen, it is 
replaced by water vapor.  The water in the cell wall remains.  In total, water in green 
wood is in three forms, liquid water in the lumen, water vapor in the lumen, and water in 





2.3.2 Bound water 
Bound water is referred to the water that is found in the cell wall.  The water is called 
“bound” because it is held strongly in the cell wall compared with normal liquid water.  
Hydrogen bonding between the water and the cell wall material are the cause of this 
increased interaction.  As dry wood takes on moisture, bound water in the cell wall 
appears first until it is completely saturated.  When the hydrogen bonds form between 
water and the cell wall, energy is released.  This is the heat of wetting for dry wood.  To 
remove this water, more energy must be supplied to break the hydrogen bonds.  Due to 
the strong affinity by the cell wall for water, it is difficult to keep moisture out of the cell 
wall.  This is why wood is defined as hygroscopic material.  Bound water or hygroscopic 
water is found in the cell wall and is bound to the hydroxyl groups of neighboring 
molecules.  Water primarily associates with the hydroxyl sites of the cellulose and 
hemicelluloses.  The bound water moisture content is limited by the number of sorption 
sites available and by the number of molecules that can be held on a sorption site[24].  
The crystalline regions of cellulose do not allow for water to enter.  Their sorption sites 
are not accessible because adjacent cellulose molecules are bound to the sites.  Fiber 
saturation point (FSP) is defined as the moisture content at which the cell walls are 
saturated with bound water with no free water in the lumens[25].  The bound water 
moisture content is dependant on the relative humidity and temperature of the 
surrounding air.  The fiber saturation point varies depending on species but most species 





Bound water is split into two categories: non-freezing bound water and freezing bound 
water.  This phenomenon is observed in other polymeric materials containing hydrophilic 
regions.  Differential scanning calorimetry (DSC) is a good tool to determine if materials 
containing water have freezing and non-freezing bound water and has been successfully 
used on fibers[26, 27] and wood[28].  Non-freezing water refers to water that is very 
tightly bound to the polar groups inside the cell wall.  The interaction is strong enough 
that the water will not freeze even at temperatures below zero degrees Celsius.  Freezing 
bound water is also associated with the cell wall but the interaction is not as strong.  
Freezing bound water has a melting point of less than zero degrees Celsius.  The ice 
structures that do form are different from that which is formed in the free water regions of 
the wood fiber.   
 
Although non-freezing bound water is associated strongly with the constituents in the cell 
wall, it is not immobile.  Freezing bound water is likely several molecules away from the 
polar group.  The first molecule around a polar group will be the strongly hydrogen 
bonded non-freezing water.  It is likely that there is a group or layer of molecules near the 
polar unit that is non-freezing.  Located a few layers past the non-freezing water is the 
less associated freezing water.  There are two major schools of thought regarding the 
structure of water adsorbed onto the surface of wood.  The water molecules either form 
layers upon the cellulose or they associate into water clusters[29].  In the cluster theory, 
water molecules form larger clusters in the bulk fluid, usually six water molecules per 
cluster[30].  When the clusters come near the surface of cellulose, the structures become 




the cell wall[31].  In the layering theory, the water molecules near the surface are 
structured according to the cellulose[32].  Successive layers are formed on top of the 
previous layer.  The attraction between layers decrease with distance from the surface 
based on Polanyi’s theory of multilayer adsorption[33].  Movement of water during 
adsorption and drying is affected by the different types of water in the wood.   
 
When only bound water is present in wood, the moisture content is related to the relative 
humidity of the air.  As the humidity in the air changes, so does the moisture content of 
the wood.  At a specific relative humidity the wood may have more than one value for 
moisture content.  This is due to the fact that the moisture content of wood at a certain 
relative humidity is also dependant on whether the wood is adsorbing or desorbing water.  
Figure 2-10 shows this effect on cotton fibers[34].  This is called hysteresis and occurs in 






Figure 2-10 Hysteresis of Cotton Fibers [34] 
 
As the bound water content changes so does the structural stability of wood.  Bound 
water causes cell walls to expand and is responsible for the swelling of wood.  Once the 
fiber saturation point has been reached, additional water will not cause dimensional 
changes.  As water molecules transport into wood and become bound water, they 
associate to the hydroxyl groups of the cellulose and hemi-cellulose.  In the cell wall, the 
majority of cellulose microfibrils are oriented in the longitudinal direction.  Water that is 
adsorbed into these layers must fit in between the layers.  As more water molecules 
adsorb in these areas, the water will force the layers apart, thus causing the swelling of 
wood.  Figure 2-11 is a picture showing how a cotton fiber’s dimensions change as 




primarily manifest themselves in the radial and tangential directions.  The length is not 
significantly affected.   
 
 
Figure 2-11 Dimensional stability of cotton fiber with changes in relative humidity [35] 
 
 
2.3.3 Free Water 
Free water is held in the lumen and has the same properties of bulk water.  While dry 
wood is adsorbing water, the free water is the last to accumulate and the first to leave 
during drying.  Movement of free water occurs through the pits between fibers.  Water in 
the lumen is in equilibrium with the water in the cell wall.  The amount of free water 
wood may hold is limited by the void space or porosity of the wood.  Free water is not 
involved in hydrogen bonding to sorption sites.  Free water is held only be weak capillary 
forces and cannot cause shrinking or swelling since the cell wall is all ready saturated 





2.4 Kraft pulping 
The first patents on Kraft pulping were granted to Eaton in 1870 and 1871 for the 
delignification of wood with a mixture of sodium hydroxide and sodium sulfide[36].  The 
origin of this technology was supposedly established sixty years earlier in England.  Kraft 
pulping received its name from the Swedish language.  In Scandinavia, sulfate (kraft) 
pulping was used to produce paper with high strength characteristics.  Kraft is the 
Swedish word for strength.   
 
Kraft pulping uses sodium hydroxide and sodium sulfide at a pH above 12.  The wood 
chips are cooked at 160-180 degrees Celsius with a steam pressure about 800 kilopascals 
for one-half to three hours.  The kraft process can pulp any wood species and gives high-
strength pulp.  The pulp is of lower yield and is more difficult to bleach than sulfite 
pulps.  There is also a problem with the distinct odor of sulfur in its reduced form.  The 
important variables of kraft pulping are: 
• Wood species 
• Chip geometry 
• Ratio of effective alkali to wood weight 
• Concentration of effective alkali 
• Liquor to wood ratio 
• Sulfidity 





Chip geometry and especially chip thickness is of great importance.  Under cooked and 
over cooked pulp is a result of high variability in chip dimensions.  The penetration for 
liquors at pH above 13 is almost the same in all three directions[37].  Complete 
penetration of the cooking liquor in to the wood chips is important for uniform pulping.  
The H-factor is a pulping variable that takes into account cooking and time and 
temperature and thus indicates extent of reaction.   
 
There are three phases of delignification.  Even at low temperatures, about 25 percent of 
the lignin can be removed relatively fast.  This type of lignin is referred to as extracted 
lignin.  The next phase is bulk delignification and will only proceed at temperatures 
above 150 degrees Celsius.  The final phase, residual delignification, takes place much 
slower than bulk delignification.   
 
2.4.1 Impregnation of wood 
Uniform distribution of chemicals inside wood chips during pulping is essential for 
uniform delignification.  Non-uniformity in impregnation leads to unfiberized wood 
(rejects), discolored pulp, lower final pulp yield, impaired bleachability, and detrimental 
effects on paper properties[38].  Chemicals and energy are transferred to wood chips in 
two phases.  In the first phase, the penetration phase, chips are saturated with liquid 
containing chemicals before delignification occurs.  In the second phase, chemical 





Prior to the impregnation phase, the wood chips must be treated to remove the air inside.  
This is accomplished by steaming.  Chips are treated with steam and the temperature 
inside increases and the air starts to expand.  About 25% of the air is removed in this 
stage.  The water in the chip will also be heated, thus increasing the vapor pressure of the 
water and driving out more air.  Diffusion of steam inward will further reduce the air 
content of the chip.  The steam will diffuse into capillaries of chips, condense, evaporate 
again, and displace air from the chips.  The important variables in steaming are 
temperature, time and steam pressure.  In the early 1900’s, brief steaming of chips was 
done to facilitate uniform packing of the chips inside the digester[39].  The importance of 




The steamed chips are then penetrated with liquor at an elevated pressure.  The steam 
inside the chip condenses, which increases the pressure gradient between the free liquor 
and the interior of the chip.  The rate of penetration depends on steaming conditions and 
applied pressure.  Efficient penetration of cooking chemicals is important in pulping, and 
has been shown to increase pulping uniformity and reduce cooking time.[40, 41] 
 
Penetration is the liquid transfer into the steam filled cavities of the chips.  Two 
mechanisms drive penetration, capillary forces and pressure.  Penetration by capillary 





ητ trh =      (2.12) 
 
where h  - penetration distance 
r – capillary radius 
τ - liquid surface tension 
t – time 
η - liquid viscosity 
 







    (2.13) 
 
where V – liquid amount entering capillaries 
n – number of capillaries 
∆p – pressure gradient 
L – length of capillaries 
k– material constant 
 
In Equation 2.12, the capillary radius is raised to the fourth power and therefore has great 
impact on penetration.  Dense wood has smaller capillary radii.  Sapwood is penetrated 
faster than heartwood and early wood is penetrated faster than latewood.  Wood pore 
structure is also important in penetration.  Some hardwoods, although denser, will 




increase penetration by reducing viscosity.  However, an increase in liquor temperature 
will also cause the gases inside the wood to expand, and the solubility of air in the liquor 
will decrease[42].   This penetration takes place primarily in the longitudinal or fiber 
direction[43], hence chip length is important for complete liquid penetration.  Reducing 
chip length has been shown to increase penetration[44].  However, chip thickness also 
plays a role in liquid penetration. 
 
As chemicals penetrate and flow into the wood, the air trapped inside the chip starts to 
compress.  Once the pressure inside the chips reaches the applied liquid pressure, the 
cooking chemicals no longer flow readily into the chip.  The penetration of the chip 
enters a secondary phase.  The ingress of liquid into the chip is now controlled by the 
dissolution of the air into the liquid and the subsequent diffusion of the dissolved air out 
of the chip.  Chip thickness is important in this stage, as a thin chip has a smaller 
diffusion path length than a thicker chip[45].  Secondary penetration becomes important 
when the initial moisture content of the chip is low; for instance heartwood usually has a 
lower moisture content than sapwood.  Liquid penetration under pressure usually takes 
place in a few minutes[46].  Then if saturation is not complete, secondary penetration 
starts, and can take much longer[47].   
 
2.4.3 Diffusion 
Once the penetration stage of impregnation is complete, the only way for chemicals to 
transport is via diffusion.  Chemicals are consumed inside the chip, thus setting up a 




chips while lignin and cellulose fragments diffuse out.  Diffusion is the process by which 
matter moves from one part of a system to another as a result of random molecular 
motions.  If the diffusion distance is too long or rate of diffusion too slow, the cooking 
chemicals are consumed before they reach the center of the chips.  In diffusion, there is a 
critical balance between rate of ion transport, chip thickness, and rate of chemical 
reaction.  Chemical reagents can only completely diffuse into chips that are fully 




dcDJ z −=      (2.14) 
 
where Jz – rate of movement of material per unit area perpendicular to z direction 
D – diffusion constant of diffusivity 
dc/dz – concentration gradient in x-direction 
 
The effective capillary cross sectional area (ECCSA) varies in uncooked wood according 
to grain direction.  The porous structure is more open in the longitudinal direction than in 
the transverse or tangential direction.  Figure 2-12 shows the ECCSA for partially 





Figure 2-12 ECCSA of Wood at high pH [48] 
 
The porosity of the cell wall increases as delignification proceeds, minimizing the 
difference in ECCSA for the three directions.   
 
Temperature also has an effect on diffusion.  Equation 2.15 describes the relationship 






= 5.0      (2.15) 
 
where k – frequency constant 
E – activation energy 





Increasing temperature will increase diffusion.  The reaction rate of delignification is also 
temperature dependent.  Equation 2.16 describes the reaction rate temperature 






=      (2.16) 
 
Where K is the reaction rate if mass and heat transfer limitations are neglected.  
Comparing these two equations shows that reaction rates are more temperature dependent 
than diffusion rates.  Figure 2-13 shows how the relative reaction and diffusion rate 






Figure 2-13 Reaction and Diffusion Rate Change vs. Temperature [49] 
 
This means that non-uniform delignification develops in situations where diffusion rate is 
the controlling factor[49].  These situations may occur when impregnation is poor, 
impregnation liquor reagent concentrations are too low, or chips are very thick.  Cooking 
chemicals are consumed too fast in the outer sections of the chips as they travel inward.  
Thus, the inner sections of the chips will be less delignified.   
 
A correct chip size is vital for efficient pulping since path length is so important in 
chemical transport via diffusion.  When chips are too large, the chemicals can not diffuse 
into the center regions of the chip as well as the outside.  This causes an increase in the 
number of rejects.  To keep the same number of reject levels with increasing chip size, 




longer which is never desirable.  However, if there is inadequate diffusion and liberation 
of the fibers in batch digesters problems additional to a high rejects level can occur.  For 
instance, the lignin content of the liberated fibers can be highly variable and it may be 
more difficult to empty or “blow” the digester.     
 
2.4.4 Penetration and Diffusion Aids 
There has been extensive work done on improving the impregnation process.  They either 
deal with the chips themselves or the liquid penetrating the wood.  They are usually 
classified in to four groups: air removal, surfactants, mechanical de-structuring of chips, 
and bio-treatment of chips.  Mechanical destructuring of chips involves mechanical 
impact upon the chips to create fissures or cracks within the chip.  The increase in 
fissures should allow more pathways for penetration.   
 
As mentioned earlier, air removal is vital in liquor penetration of wood.  In practice, this 
is done by steaming wood chips.  This is a cheap and practical way to remove air from 
wood.  Improvements in steaming of chips include improving the contact of steam with 
all the chips in the steaming vessel.  There are other methods of air removal that have 
been investigated but are not practical.  Vacuum treatment of dry chips was shown to be 
effective in air removal[43].  However, industrial cooking would not dry chips as it 
would require massive amounts of energy.  With a low enough pressure it is possible to 
evacuate all the air by having the water boil at the low pressure and force the air out.  
Problems arise in chips due to extractives blocking passages and with surface tension 





Bio-treatment of chips involves using enzymes or fungi or other biologically active 
substances that will react with wood.  Pectinase and cellulase have been found to attack 
the pit membranes in softwoods and hardwoods and causing membrane dissolution[52, 
53].  If all pit membranes in a chip were dissolved, this would greatly increase the 
penetration of chemicals.  However, enzyme transport into the wood chip can be quite 
slow due to enzyme’s large molecular size.   The research that has been conducted with 
fungi is limited, but some have shown that some species of fungi will degrade extractives 
and or pit membranes[54].   
 
2.4.5 Lignin reaction kinetics 
Lignin comprises 70% - 80% of the middle lamella.  This layer is thin compared to the 
secondary cell wall.  The lignin content of the secondary cell wall is 20%, but due to its 
size, the secondary cell wall contains 70% - 80% of the total lignin.  Wood chips 
maintain their shape even at 80% delignification.  Thus it is likely that the lignin in the 
secondary wall will dissolve before the middle lamella lignin.  Another reason for a 
slower delignification of middle lamella lignin is the relative higher amount of guiacyl 
nuclei.   
 
During initial delignification, only lignin fragments that are small enough to dissolve will 













=     (2.17) 
 
where L – lignin content at time t 
kil – a species specific constant 
 
There is no hydroxide term in the initial delignification equation.  This does not mean the 
reaction can proceed without hydroxide.  The hydroxide concentration does not affect the 
rate of the reaction. 
 
Once the temperature of cooking reaches 140°C, bulk delignification begins.  Seventy to 
eighty percent of lignin is dissolved in this phase.  Lignin breakdown starts in the cell 
wall and progresses to the middle lamella.  Equation 2.18, the bulk delignification 
















−−−−− +=  (2.18) 
 
Where [OH-] – hydroxyl ion concentration 
[HS-] – hydrosulfide ion concentration 
k0bl and k1bl – species specific constants 
 
The relative reaction rate and activation energy are higher for the bulk delignification 




concentration.  The reaction slows down as the concentration of dissolved lignin 
increases.  The rate slows down in thicker chips as the rate is diffusion controlled.   
 
The bulk delignification stage proceeds until about 90% of the total lignin is dissolved.  
The residual delignification stage then begins, and is considerably slower than the bulk 











=    (2.19) 
 
Where krl – a species specific constant for residual delignification. 
 
The hydroxyl ion concentrations effect on rate is less in this stage but its importance is 
not.  If the alkali concentration is too low, dissolved lignin fragments will condense.  
Condensation of lignin is very undesirable and leads to reduced yield and pulp quality.  






Figure 2-14 Lignin dissolution vs H-factor for two species of tree [49] 
 
2.4.6 Carbohydrate reactions 
Kraft pulping is not specific to lignin, carbohydrates also dissolve during a kraft cook.  
Most of the carbohydrates that dissolve do so during the initial delignification phase.   
Hemicelluloses dissolve more readily than cellulose in alkaline conditions.   
 
During initial delignification, 75% of all carbohydrates that dissolve are glucomannans.  
Xylan dissolves at temperatures above 140°C but slows down during bulk delignification.  




alkali is consumed during the initial and early bulk delignification phases to neutralize 
the acidic compounds.  The dissolution rate of carbohydrates is related to delignification 









][ −=      (2.20) 
 






bc=      (2.21) 
 






rc=      (2.22) 
 
Cellulose degradation during residual delignification is pronounced compared to the other 





CHAPTER 3  
METHODOLOGY 
Although the movement of moisture into dry or unsaturated wood has been extensively 
studied[55-57], little is known about the diffusion of water into saturated wood.  The 
purpose of these experiments is to examine how water behaves as it diffuses into 
saturated wood.  There have been studies that examine how water transports into 
unsaturated wood by monitoring the weight increase in the sample.  The sample is 
initially dry and is then placed in a high humidity chamber where the gain of water in the 
wood is gravimetrically determined.  This is not possible when wood is completely 
saturated.  
 
The transport of pulping chemicals and additives into water-saturated wood is key to 
efficient pulping [58], and the diffusion rates of sodium hydroxide have been reported 
[59, 60].  Factors such as tortuosity, size exclusion, and charge exclusion can all 
influence the kinetics of uptake.  The rate of diffusion of water into saturated wood is a 
reference point against which the uptake of other compounds could be benchmarked.  
The use of tritiated water (HTO) allows such a measurement to be made, and similar 
techniques are commonly used in the study of sediments, soils, and membranes [61, 62].  
Tritiated water is a conservative tracer for water; i.e. it moves with water and can be used 
to track water flow.  It has been extensively used for this purpose in hydrogeology and 
other fields [63-65].  However, in these experiments deuterated water was tried first 





3.1 Deuterium Experiments 
3.1.1 Wood Preparation 
The wood was kiln dried southern pine.  It was disintegrated using a circular saw and the 
particles collected.  The wood particles were then separated using Tyler screens on a 
shaking instrument.  The wood particles were small, and the sieve sizes and configuration 
are listed in Table 3-1.   
 
Table 3-1 Tyler Sieve sizes 










For a given experiment, one size fraction was taken and soaked in deionized water for 24 
hours.  The particles were ready once all descended to the bottom.  The particles were 
then placed on a Buchner funnel and filtered.  The filtered particles were placed in an 
airtight container.  Experiments were conducted shortly after filtering off the excess 
water so as to minimize water loss due to evaporation.  The moisture content of the wood 
was determined for all experiments. 
 
3.1.2 Experiment Procedure 
The wet wood particles were weighed and put into a reaction bottle.  Typically twenty 




from Aldrich Chemical Co. was mixed with thirty grams of deionized water.  The diluted 
deuterated water solution was poured into the Pyrex container holding the wood particles.  
One hundred microliter samples were extracted at various time intervals.  The samples 
were placed into 2 mL GC vials.  It was expected that the deuterium content of the bulk 
solution would decrease with time as the water diffused into the wood particles and 
exchanged with the wood moisture.     
 
To determine the amount of deuterium in the samples, it was necessary to process the 
samples further.  Added to the samples was 100 microliters of 2 N NaOH and a small 
amount of 2-butanone.  2-Butanone, also called methyl ethyl ketone, undergoes base-
catalyzed enolization under these conditions[66].  The structure of 2-butanone is shown 
in Figure 3-1. 
 
 
Figure 3-1 Chemical Structure of 2-butanone 
 
 
The hydrogen atoms attached to the carbon atoms adjacent to the carbonyl group are 
available for exchange with the deuterium in the bulk solution.  The reaction is fast[67, 




Celsius for one hour.  The extent of the exchange was expected to be proportional to the 
percentage of deuterium in the sample.   
 
To examine the amount of deuterium that had exchanged with protium, the butanone was 
run through a gas chromatograph coupled to a mass spectrometer (GC-MS).  The sample 
containing the butanone was put in contact with a SPME fiber.  SPME stands for Solid 
Phase Microextraction and is an assembly that allows for molecules to adsorb to the 
surface of the fiber.  The fiber is then injected into the gas chromatography inlet port and 
the sample is run.  The 2-butanone adsorbs well to the 
Divinylbenzene/Carboxen/Polydimethylsiloxane coated SPME fiber.   
 
For analysis, the peak area located between 70 and 78 is examined.  2-Butanone, with a 
molecular weight of 72, would have a maximum molecular weight of 77 if all of the 
available hydrogen atoms were exchanged with deuterium not including the natural 
occurring isotopes of oxygen and carbon.  To determine the precise amount of deuterium 
on butanone, the signals from the mass spectrometer detector are translated into 
abundances of the multi labeled molecules.  These quantities would then have to be 
adjusted for the natural isotopes as well as the M-1 peak.  The M-1 peak is small for 
butanone, and arises when a hydrogen ion is stripped from the molecule, located on the 
graph above at an m/z of 71.  The percent deuterium labeled was calculated according to 






The results were poor.  After some investigation, it was found that an M-2 peak was 
occurring.  The deuterium atoms were being split off instead of the hydrogen atoms.  This 
made using the isotope calculations developed by Biemann[69] almost impossible.  Still, 
a relative value of percent labeled could be calculated and compared to the other samples.  
Initially, samples were taken at long time periods, based on the assumption that diffusion 
would be slow.  However, equilibrium was reached quickly and diffusion was occurring 
before the first sample point.  The experiment was repeated and the sampling frequency 
was increased.  Figure 3-2 is the result of the experiment.   
 

























These results were certainly not expected.  There considerable scatter in the data for the 
short time sample points.  Also, some data points are below the equilibrium for the long 
time experiments.  This clearly can not happen.   
 
The method of isotope exchange is not suited for deuterium.  The equations used to 
calculate isotope composition do not work when the labeled compound is producing an 
M-2 peak.  An alternative method is to eliminate the possibility of the deuterium being 
split off by reducing the power of the ionization[69].  However, this was not possible on 
our instrument. 
 
3.2 Tritium Experiments 
The wood used in these experiments was southern pine (Pinus taeda) from the Georgia 
Pacific particle board plant in Vienna, GA.  The wood had just been cut and shipped to 
the mill and had never been dried.  The particles were packaged and taken to the lab.  
Aspen (Populus tremuloides) chips from Alberta, Canada were obtained from Millar 
Western and then processed into small particles in a Wiley mill.  The particles were then 
fractionated using multiple Tyler sieves mounted to an automated shaker.  Each run of 
particles was on the screens for ten minutes.  The screens were emptied and the particles 
were put into separate containers.  The sizes of screens ranged from openings of 4.0 mm 
to 0.6 mm.  Once separated, the wood was kept in airtight containers in a freezer until 





Table 3-2 Tyler sieve sizes and arrangement for tritium experiments 













The particles used in an experiment were first soaked in deionized water and stirred for at 
least 24 hours.  The particles eventually sank indicating that they were water saturated. 
The soaking was followed up by a series of washes to get rid of any particulate matter or 
extractives that had diffused out of the wood.  Once washed, the particles were filtered on 
a Buchner funnel to remove the excess water.  The wet wood particles were then weighed 
out and placed in airtight Pyrex vessels.  Experiments were completed shortly after 
filtering to minimize moisture loss from the wood.  Moisture content was measured on a 
sample of the wet wood.   
 
The experiment began when a pre-measured aliquot of tritiated water was combined with 
the wet wood.  100 Microliter samples were removed with a fixed volume pipette.  The 
samples were place in scintillation vials with 10 mL of Scintiverse E scintillation 
cocktail.  Samples were then run in a scintillation counter.  The tritiated water added to 
the wood was first sampled to give a theoretical time zero data point.  Initially samples 
were taken at pre-determined times, usually every minute.  A stopwatch was used to 




determined that the samples needed to be taken much more rapidly.  Thus, samples were 
removed almost immediately after the tritiated water and wet wood were mixed.  Samples 
were then taken as fast as possible.   
 
The time to reach equilibrium turned out to be of the order of a few minutes.  Once the 
tritium reached the expected equilibrium, more samples were taken to check that it was 
indeed at equilibrium and no more tritiated water was diffusing into the wood particles.  
For some of the particles, the reaction vessel would be sealed for 24 hours after the 
experiment.  Then the excess tritiated water would be filtered off, and a fresh aliquot of 
deionized water introduced to the wood particles that were now equilibrated with tritiated 
water.  The diffusion of tritiated water out of the particles was then monitored.  Samples 
were taken in the same manner as explained for the diffusion into the particles. 
 
3.2.1 Scintillation counter and radioactivity 
A scintillation counter is a device that indirectly measures radioactive decay.  A 
radioactive sample must be combined with a scintillation cocktail.  A scintillation 
cocktail contains a solvent, an emulsifier, and a fluor.  When a beta particle is emitted 
during tritium decay, the scintillation cocktail converts the beta particle into light which 
is detected by the counter.  The conversion of a beta particle into light via the scintillation 
cocktail is illustrated below[70]. 
 
Step 1.  Beta particle + Solvent → Solvent* 




Step 3.  Solvent* + Fluor → Solvent + Fluor* 
Step 4.  Fluor* → Fluor +Light 
* - denotes excited molecule 
 
Once the beta particle excites the solvent molecule, chances are it will interact with 
another solvent particle before eventually exciting a fluor molecule.  The excited fluor 
molecule then emits light as it returns to its ground state.  The amount of light being 
emitted is proportional to the energy of the particle.  The light is directed to 
photomultiplier tubes which converts it to a measurable electric pulse.  Thus the 
scintillation counter can then give the results in counts per minute format.   
 
Not all of the radioactive decay is detected by the scintillation counter.  There are factors 
that reduce the amount of light that hits the face of the photomultiplier tubes.  This 
phenomenon is known as quenching.  There are two major ways a sample is quenched.  
Chemical quenching occurs when the energy from the beta particle does not make it to 
the fluor.  This occurs when compounds such as water or oxygen interfere with the 
energy transfer from either beta particle to solvent, solvent to solvent, or solvent to fluor.  
The end result is that not as much light is produced.  Weak chemical quenching agents 
are water and alcohol, but stronger ones are phenols and acetone.   
 
Color quenching occurs when compounds absorb the light emitted from the fluor.  The 
amount of absorption depends on the concentration and color of the quenching agent.  




chemical quenching reduce the amount of light that hits the phototubes, thus less counts 
are recorded by scintillation counter.   
 
All laboratory samples are quenched to some degree, so to allow for comparison of 
different quenched samples, the counts per minute(CPM) must be transformed into a 
number that describes the actual radioactive decay in the sample otherwise referred to as 
the disintegrations per minute(DPM).  The CPM is related to the DPM by the counting 







=   (3.1) 
 
Counting efficiencies are determined from a quench curve.  A quench curve returns a 
counting efficiency at known levels of quench.  For the Beckman LS 5801 liquid 
scintillation counter used at IPST, the value of quench is given as an H-number, and 
using a quench curve the counting efficiency could be determined.  The determination of 
an H-number for determining quench was developed by Beckman Instruments, primarily 
by Dr. Donald Horrocks[71].  The process of determining the H-number is complex, but 
is performed by the instrument and involves using an internal cesium source that 





3.2.2 Particle Analysis 
The dimension and shape of a particle is important in modeling diffusion in that system.  
Initially, the particles were to be modeled as spheres, with a radius of the average of the 
Tyler sieves it fell between.  For example, particles that fell through the 1.7 mm hole 
sieve but were retained on the 1.4 mm hole sieve would have a diameter of 1.55 mm.  
This was a poor assumption; several attempts at modeling the particles as spheres 
resulted in erroneous model outcomes.  It was also clear that the particles were more like 
cylinders than spheres.  In addition, simply averaging the sieve hole sizes to get a 
diameter of the particle had to be verified.   
 
For a given particle size range, the particle would be spread out on a white background 
and painstakingly separated so that no particles were overlapping.  For each particle size 
range at least 100 particles would be catalogued.  The particles were then photographed 
with an Olympus C03030 digital camera.  Figure 3-3 is an example of the particles for 






Figure 3-3 Digital image of wood particles used in particle analysis 
 
The image of a ruler was captured in every photograph so that later the scale for each 
image could be set. 
 
The particles were analyzed using a program called ImageJ version 1.32j[72].  This 
software was developed by the National Institute of Health and is a public domain image 
analysis software package.  The original picture would be uploaded into the ImageJ 
program.  To set the scale of the image, a line was drawn on the ruler that extended from 
the 10cm mark to the 20 cm mark.  The option “set scale” was selected and the length of 
the line in pixels was displayed.  The length and the units of measurement and the scale 
were then set for that photograph.  The scale was similar for different images, but needed 




to be converted to an 8-bit grayscale image.  The image then underwent a threshold 
procedure to clearly define items of interest and background.  Figure 3-4 is a picture of 
what the previous image was transformed into. 
 
 
Figure 3-4 Picture of wood particles after converting to an 8-bit threshold image 
necessary for particle analysis program 
 
The particle area would be selected and the function “analyze particles” would be started 
next.  Limits would be set to exclude particles that did not meet a certain size.  
Sometimes in the image converting process, small spots would appear in the image that 
did not reflect a wood particle.  These were eliminated from calculations by the minimum 
size exclusion parameter.  ImageJ would then return the measurements of all the particles 
in the selected image area.  The measured values were count, area, feret, major and minor 




any two points along the selection boundary.  The major and minor ellipse measurements 
were derived from a best fit ellipse that is imposed on each particle, and the results are for 
the long and short axis.  The method finally chosen to determine the length and the width 
for each particle was to use the feret diameter as the length, and for the width take the 
area divided by feret diameter of the particle.  This was much closer to the actual 
dimension compared to the minor ellipse axis and verified by hand measurement.  The 
measurements were averaged and in the case for the 2.0-2.4 mm particles, the length was 
8.5 mm and the width was 1.86 mm. 
 
Another point that needed to be checked was whether the average of the dimensions was 
representative of the sample.  The values were separated into bins and Figure 3-5 shows 
the distribution of width measurements for the 2.0 – 2.4 mm particles.   
 
















Now the length and width were determined for the particle size range, but the thickness 
could not be measured in a 2-dimensional image.  The particles that were imaged were 
now hand measured with a hand caliper.  The results were compiled, and for the 2.0-2.4 
mm aspen wood particles, their hand-measured thickness was 0.644 mm.  This was also 
tested to determine the distribution of measurements.  Results are in Figure 3-6.   
 












Figure 3-6 Histogram of thickness measurements of 2.0 – 2.4 mm size particles 
 
Now a model could be constructed for what an average particle looked like for each 
particle size.  The next step would be to determine the dimensions of an equivalent 
cylinder for each size range.  A similar approach was taken in analogous experiments 
using a mixture of particles of different shapes and sizes[73]. The cylinder would have 




fitting the penetration characteristics of the cylinder to the actual particle dimensions.  
This was accomplished by setting an arbitrary penetration length step.  It was set low so 
as to get several points for each particle; in most cases it was set at 0.01 mm.  For each 
step, the cylinder and model particle would be penetrated in all directions by the 
penetration step length.  Then a percent volume penetration could be calculated for each 
particle at each step length.  The step length was taken until both particles were 100% 
penetrated.  At each penetration length, the difference of percent volume penetrated was 
calculated between the cylinder and particle model.  The differences were squared and 
then summed.  The solver program was used to set the sum of squares to a minimum by 
changing the value of the cylinder radius.  The end result is depicted graphically in Figure 
3-7 showing the penetration of both particles. 
 

























Table 3-3 is a chart that summarizes the measurements of the particles used in the 
diffusion experiments. 
 
Table 3-3 Summary of dimensions of all particles sizes and the corresponding cylinder 
radius used for modeling 
Size Fraction   Actual Dimension (mm) Effective Cylinder 
(mm) Length Width Height Radius (mm) 
Pine     
     
1.4 – 1.7 3.8 1.3 0.48 0.305 
     
1.7 – 2.0 4.2 1.6 0.57 0.364 
     
2.0 – 2.4 4.6 1.9 0.75 0.468 
     
Aspen      
     
1.4 - 1.7 8.9 1.3 0.42 0.277 
     
1.7 - 2.0 9.3 1.5 0.51 0.345 
     
2.0 - 2.4 8.5 1.9 0.64 0.42 
 
3.2.3 Data conversion 
The scintillation counter returns the counts per minute (CPM) and the H-number for each 
sample.  The decompositions per minute are calculated and plotted versus time.  Figure 

















Figure 3-8 Decompositions per minute versus time for 2.0-2.4 mm pine particles 
 
In this experiment, the decompositions per minute level off at two minutes at a value of 
2914 dpm.  A theoretical equilibrium can be calculated for each experiment.  It is derived 
by taking the radioactivity (DPM) of the tritiated water before it is introduced to the 
wood and calculating the radioactivity (DPM) if it were simply diluted with the amount 
of water in the wood.  The total amount of tritium will not decrease but the radioactivity 
per sample will.  The theoretical DPM at completion is also called the equilibrium of 
mixing.  In the case of the 2.0-2.4 mm particles, the equilibrium of mixing was 2917.  
This was within 1% of the measured equilibrium value.  For all experiments the 
difference between the calculated equilibrium and the measured equilibrium was no 





Setting the equilibrium at an appropriate point is essential when the data is converted into 












1     (3.2) 
 
Where Mt = mass of tritium inside particle at time t 
M∞ = mass of tritium inside particle at infinite time 
DPMt = measured DPM at time t 
DPMeq = equilibrium of mixing 
DPM0 = DPM at time 0 
 
Transforming the data in this way made it possible to insert the results into the diffusion 
equations.  Now, all data points would either be between zero, the theoretical starting 
point, and 1, the equilibrium or end of experiment.  Figure 3-9 shows the data for the 2.0-

















Figure 3-9 Mt/M∞ versus time for 2.0-2.4 mm pine particles 
 
3.2.4 Modeling 
The aspect ratios of the particles suggested that they could be modeled as cylinders.   
Fick’s second law describes mass transfer in cylindrical coordinates through Equation 
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represents the concentration of species a, De is the effective diffusion coefficient, r is the 
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If Mt and M∞ are defined as the mass of solute inside the cylinder at time t and at infinity, 
respectively, then two solutions emerge, one for short periods where Mt/M∞ > 0.5 and 
one for longer times [74].  This ratio can be thought of as a reaction coordinate since 
Mt/M∞ is initially zero and reaches one at completion.  Data points were all taken after 
Mt/M∞ > 0.5 and only the solution for long times was used. This is given by Equation 3.4 
where αn’s are the positive roots of the Bessel function of order zero.  The variable r is 
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Bessel functions are useful for solving differential equations in cylindrical coordinates.  
Figure 3-10 shows the zero and first-order Bessel functions and their derivatives plotted 
over various x[75].  The roots of the Bessel function of a certain order are the intercepts 






Figure 3-10 Graphical Representation of Zero and 1st Order Bessel Functions (J0x) with 
Derivatives (Y0x) 
  
Table 3-4 shows the first five roots for the zero-order Bessel function are[76]: 
   









Equation 3.4 was programmed into Excel, the summation was taken to the fifth term, 
beyond which the solution did not change with additional terms.  A least squares 
approach was used to obtain the best fit of the model to the experimental data.  Excel 
solver was used to minimize the residuals and an effective diffusion coefficient (De) was 
determined.  Figure 3-11 shows the 2.0-2.4 mm pine particle data and the model results 


















Figure 3-11 Mt/M∞ versus time for 2.0-2.4 mm pine particles and model line using the 
best fit diffusion coefficient 
 
The diffusion coefficient for this experiment is 1.27 x 10-5 cm2/sec.  This parameter is 
related to the porosity of the material (ε), the self-diffusion coefficient (Do), and the 
tortuosity (τ) through Equation 3.5.  The tortuosity is a dimensionless number that 
describes how the diffusion of a substance is impeded in a  
 
°= DDe τ
ε      (3.5) 
 
material.  It is sometimes referred to as a retardation factor [77].  Porosity is also a 
dimensionless number that represents the void fraction of a material where diffusing 





3.3 Sulfide Experiments 
In these experiments, sulfide in a white liquor solution was monitored as it diffused into 
wood particles.  Softwood chips were acquired from the Georgia-Pacific Port Hudson, 
Louisiana mill through the Institute of Paper Science and Technology.  These chips 
represent a random sample taken after the mill’s screening process.  They also represent a 
typical species mix, most likely with a majority of southern pine.  The chips were 
sampled after the mill’s slotted screens.  They were stored in an air-tight bag in a cold 
room to prevent decay.  The chips were inspected for rot and other deformations to 
ensure that they were fresh chips and therefore a representative sample. 
 
The chips were then processed into small particles in a Wiley Mill.  They were 
fractionated with multiple Tyler sieves mounted to an automated shaker and stored 
airtight in a cold room.  The screen openings ranged from 0.6 to 4.0 mm.  The particles 
were stirred in deionized water for at least 24 hours, at which point no floating material 
was observed.   They were then washed at least ten times to remove any particulate 
matter or extractives that may have diffused out of the wood, filtered, and stored in 
airtight vessels.  Experiments were completed shortly thereafter to minimize moisture 
loss from the wood.   
 
A typical mill white liquor was used for every experiment.  A goal of 100g/L of active 
alkali (AA) and 30% sulfidity was desired.  Anhydrous sodium hydroxide (NaOH) was 




similar fashion.  Water was added to make the resulting solution one liter.  A mixing rod 
was added and the solution was allowed to stir until the solids dissolved into solution.  
Since the Na2S oxidizes in the presence of air, air-tight containers were used to keep the 
sulfidity stable.  
 
The ABC (acid-base-carbonate) liquor test was used to determine the strength of the 
previously made white liquor.  It was also used to measure the diffusion of sulfur into the 
chips.  The ABC test used was an IPST modified test of TAPPI 624 cm-00 [78].  The 
white liquor container was placed on a magnetic stirrer and allowed to mix for 5 minutes 
while the titrator was calibrated.   
 
A Mettler DL-21 titrator was used to perform the test.  The DL-21 is an electronic titrator 
accurate to +/- 0.3% per titration.  The titrator performs an acid-base titration and uses a 
pH probe to measure the sample.  During the titration it adds 0.5N HCl to lower the pH to 
the desired set-point of 9.3.  Once the set-point is reached, the titrator displays the amount 
of the 0.5N HCl used in mL.   
 
By using the ABC test and the DL-21 titrator, diffusion into the softwood fragments 
could be measured.  Tests were performed using several 100mL sample containers.  Their 
shape resembled a standard commercial batch digester.  The containers were completely 
air-tight and transparent to allow viewing of the liquor.  First, the main container of wood 
fragments was removed from the cold room.  A sample container was labeled and then 




sample container.  Wet particles (6.67g, 2g OD) were used for each experiment.  After 
the particles were placed into the container, the lid was replaced so that the particles 
remained at their saturated moisture level.  Several more containers were filled (usually 6 
to 8) and then placed into a rack for transport.  The sample containers were then moved to 
the DL-21 titrator and allowed to reach room temperature.  Next, the container of white 
liquor was placed on a magnetic stirrer to ensure a uniform mixture.  The ABC test was 
then performed on the liquor to ensure that no oxidation had taken place and that the 
liquor was comparable to other experiments in the series.  It was also used as the initial 
value in each experiment to measure the diffusion taking place.  The white liquor was at 
room temperature for the test. 
 
Several temporary glass containers were collected and tarred.  White liquor was added to 
these containers based on weight (usually 20g).  The white liquor containers were then 
placed next to the sample containers with fragments.  A stopwatch was zeroed and then 
started as soon as the liquor was added.  Each sample container was then sealed and the 
starting time recorded.  A sample of the liquor is taken from the vessel at a predetermined 
time.  The goal of running the ABC tests was to measure the diffusion of Na2S into the 
size fractions used.  Initially, all of the sampled particles reached equilibrium before the 
measurement was complete.  As the measurement time frame shortened from hours to 
minutes to seconds, a clearer picture of the actual diffusion process developed, and 





Particle analysis for the wood particles was done as described earlier for the tritiated 
water experiments.  Data analysis and modeling was also used as described for the 
tritiated water experiments.   
 
3.4 White Liquor Diffusion in Wood Chips 
A second set of experiments was conducted to expand on the results from the diffusion 
experiments.  Sweet gum hardwood chips that were never dried were impregnated in 
synthesized white and green liquor at 103°C for 5 to 25 minutes. The cooked chips were 
split into two pieces in the z direction. Indicator solutions were applied via a spray 
atomizer.  One was stained with 1% phenolphthalein ethanol solution, whereas the other 
piece was stained with 3% silver nitrate solution adjusted to pH 3.00 with H2SO4. The 
images of stained woodchips were recorded with an Olympus C03030 camera. The 
difference in penetration speeds between hydrosulfide ion and hydroxide ion was visually 
evaluated by comparison of silver nitrate stained and phenolphthalein stained wood chips.   
 
3.5 Pulping Experiments 
Pulping experiments were done on chips and sawdust.  The wood used in the experiments 
was either softwood or hardwood chips from the Port Hudson mill.  The softwood mix 
was predominantly southern pine but the hardwood mix was relatively mixed.  Due to 
this uncertainty, most of the hardwood cooks were conducted with Sweetgum chips that 
were taken from a tree cut down from a residence outside of Dublin, GA.  Two four-foot 




debarked by hand, and then chipped.  Debarking was done with a two-handed slit knife 
debarking instrument.   
 
The addition of wood fines to the normal size chips was a focus in this study.  Fines were 
shipped from the Port Hudson mill along with the chips.  If more fines were necessary, 
they were produced on a Wiley mill.  It was determined later that the wood fines should 
be separated by size.  This was done on a series of Tyler sieves that were mounted to an 
automatic shaker.   
 
Kraft pulping was used in the cooking of these wood chips and particles.  Kraft cooking 
uses two primary chemicals, sodium hydroxide and sodium sulfide.  Sodium hydroxide, 
10 N from VWR, and solid sodium sulfide nonahydrate from Fisher Scientific were 
combined to make up the white liquor for each batch.   
 
The cooks were done in a multi-digester apparatus manufactured by Aurora Technical 
Products Ltd.  Each digester was individually controlled and heated.  The whole 
apparatus would rotate through a 300 degree arc to mix the contents of the digester since 
there was no internal mixing via impellers or recirculation lines.  The digesters had a 
volume of 1 L and a maximum load of 100 grams of oven dry wood.  A thermocouple 
inside each digester connected to a control computer to monitor the temperature and 
extent of cook.  The temperature and rate of temperature change could be changed 





After the target H factor was reached, the vessels were removed from the apparatus and 
quickly cooled to room temperature in a water bath.  The chips were removed and 
disintegrated in a Waring blender. The pulp was washed and thickened and the wet 
weight and consistency measured to calculate the total yield.  The washed pulp was 
stored in a refrigerator until additional tests were run.  The kappa number of the pulp was 
measured according to TAPPI standard test methods.[79].  For some pulping runs a small 
sample of the black liquor would be kept.  In those cases the black liquor solids were 
analyzed using the TAPPI method [80]. 
 
Table 3-5 shows the experimental conditions typical for each cook.   
 
Table 3-5 Pulping conditions for kraft cooking of wood chips 
  HW SW 
Wood charge (oven dry g) 100 100 
AA% (Na2O) 18 18 
sulfidity % 30 30 
L:W ratio 4 4 
ramp time 25°C – 100°C (min) 30 30 
ramp time 100°C – 170°C (min) 60 60 
Temp oC 170 170 
H-factor 600 1400 
 
Table 3-5 contains the conditions for pulping wood chips.  In the case where only 
sawdust was being pulped, the liquor to wood ratio would be increased to 6:1 due to the 
tendency of sawdust to soak up all the free liquor in the digester.  The H-factor was also 
varied in a set of experiments to determine how the wood particles would propagate 





Sawdust pulping gives weaker sheets due to the decrease in fiber length.  The fiber length 
of our pulps was measured using a Fiber Quality Analyzer (FQA).  The amount of fines 
per cook was determined using a dynamic drainage Britt Jar according to TAPPI test 
method 261[81]. 
 
The diffusion experiments were done with wood particles that were much smaller than 
typical wood chips.  To compare the diffusion results to kraft pulping, the same size 
wood particles were pulped.  In addition, there was a study done in which it was shown 
that adding hardwood fines to a normal cook the amount of fiber fines would increase 
proportional to the amount of wood fines added[82].  In softwood cooks, it appeared that 
the increase in wood fines would not translate to an increase in fiber fines.  To determine 
how cooking affected the wood fines, cooks of varying duration were conducted with 
chips and sawdust together.  There was not enough hardwood fines from the mill so fines 





CHAPTER 4  
RESULTS AND DISCUSSION 
4.1 Tritium Experiments 
Results from measurements made for 2.0-2.4 mm particles are shown in Figure 4-1 from 
which an effective diffusion coefficient of water of 1.0 x 10-5 cm2 s-1 is obtained.   
 
 












Figure 4-1 Diffusion for 2.0-2.4 mm pine particles 
 
Use of 2.5 x 10-5 cm2 s-1 as the self-diffusion coefficient of water at 25oC [83, 84], and a 
porosity of 0.69 for pine [85] leads to a tortuosity of 1.6.  In other words the diffusion of 
water into these saturated particles will only be about 40% slower than the diffusion of 





One of the major assumptions in this work is that the diffusion of tritiated water into 
saturated wood follows Fickian mechanics.  Fickian diffusion requires a plot of 1 - 
Mt/M∞ to be linear with for Mt/M∞ > 0.5.  An example of tritium diffusing into pine 
particles is shown in Figure 4-2. 
 












Figure 4-2 Diffusion into pine particles 
 




















Figure 4-3 Test for Fickian diffusion using pine data   
 
The R2 value for this experiment was 0.986.  This degree of linearity was typical for all 
the experiments.   
 
For aspen, the diffusion into and out of the particles was nearly identical, demonstrating 
that diffusion of water into saturated wood particles is completely reversible.  There was 
no hysteresis for the saturated wood as is common for water adsorption into unsaturated 
wood.  Therefore, all the regions in fully saturated wood are equally accessible to the 
diffusing water molecules.  Water that is highly bound to the wood structure readily 
exchanges with the loosely bound bulk water.  Figure 4-4 shows the diffusion into and 



















Figure 4-4 Diffusion into and out of 2.0-2.4 mm aspen particles 
 
The calculated diffusion coefficient for the tritiated water transporting into wood particles 
of this size is 7.7 x 10-6 cm2/s.  The diffusion coefficient for the tritiated water 
transporting out of the same particles is 8.1 x 10-6 cm2/s.   
 
Experiments were also conducted on 1.7-2.0 mm pine particles at different temperatures.  



















Figure 4-5 Diffusion into 1.7-2.0 mm pine particles at two temperatures 
 
If an Arrhenius relationship is assumed, then an activation energy of 21.7 kJ/mol results.  
This is in good agreement with published values of 20 kJ/mol [86]and 20.5 kJ/mol [83] 
for the self diffusion of water.  As expected, the tortuosity remains unchanged with 
temperature.   
 


























Table 4-1 Summary of results for tritiated water experiments 
Size fraction Direction Temperature Deff x 106 Tortuosity  
(mm)     (oC) cm2 s-1, (σ)     
 Pine     
     
2.0 - 2.4 In 25    11.1 (0.5) 1.6 
     
1.7 - 2.0 In  25      6.8 (0.8) 2.5 
     
1.7 - 2.0 In  4     3.5 (0.5) 2.2 
     
1.4 - 1.7 In  25      6.0 (0.9) 2.9 
     
Aspen     
     
2.0 - 2.4 In 25      7.2 (2.8) 3 
     
2.0 - 2.4 Out 25      8.3 (1.4) 2.4 
     
1.7 - 2.0 In 25      4.9 (1.2) 4.1 
     
1.7 - 2.0 Out 25      4.9 (1.2) 4.1 
     
1.4 - 1.7 In 25      3.1 (1.2) 6.8 
     





The tortuosity values are illustrated in Figure 4-6. 
 
 















Figure 4-6 Tortuosity of pine and aspen particles versus particle cylinder radius 
 
The tortuosity is higher for hardwood than for softwood particles, probably because the 
hardwood fibers are much shorter.  In addition to fiber length differences, hardwoods also 
have a more diverse composition of structures that will facilitate mass transport.  Pinus 
taeda is primarily composed of wood fibers, approximately 91% by volume [85].  The 
remaining percentage is mostly rays with a small percentage occupied by resin canals.  
Populus tremuloides is approximately 55% wood fibers, 34% vessel elements, and 11% 
rays[87].  The vessel elements in hardwood should help increase diffusion, but these 
structures may not be fully intact in wood that has been processed into small particles.  It 
is significant that the tortuosity decreases with increasing particles size for both 
hardwood and softwood.  In other words, as the wood particles increase in size, the 





Our observation of increasing tortuosity with decreasing particle size has been reported in 
other areas.  Cadmium uptake into chitosan particles showed a similar relationship [88].  
The authors suggest that although they modeled the chitosan particles as spheres, the 
larger particles were actually flat discs, which would increase the uptake efficiency and 
would be reflected in the tortuosity factor.  The sulfation reaction on different limestone 
sorbents also showed that tortuosity increased as the particle size decreased[89].  This 
occurred only for limestone particles with a unimodal pore size distribution.  Particles 
with a wider distribution showed no change in tortuosity with changing particle size.  The 
authors speculate that the increase in tortuosity for smaller particles may be due to 
variations in porosity.   
 
It should be pointed out that even though the smaller particles restricted diffusion more, 
the overall mass transfer is still faster for smaller particles.  Figure 4-7 shows two size 



















Figure 4-7 Diffusion into two sizes of Aspen particles 
 
The smaller aspen particles clearly reach equilibrium faster than the larger particles.  
However, when these results are put into the diffusion model, the size of the particles is 
taken into account.  This is where a difference appears, diffusion of tritiated water into 
the smaller particles should be faster than what was observed.   
 
It is possible that the movement of tritium into the system could occur through proton 
transfer rather through the movement of the tagged water molecule.  If this were the case, 
then the diffusion coefficient would have been much larger than that typical for water.  
The self-diffusion coefficient of HDO, HTO, and H218O at 25oC are all nearly identical 






Figure 4-6 shows that the hardwood tortuosity increases to a greater extent than that of 
softwood with decreasing particle size.  The reasons for this difference are not 
understood, but tortuosity would increase if pore closure occurred while the particles 
were being cut.  Hardwood fibers are shorter in length and smaller in diameter than their 
softwood counterparts [87], and the tortuosity of hardwood could, therefore, be more 
sensitive to pore closure.  
 
The diffusion of water into saturated materials has been extensively studied.  Both wood 
and soil have capillary flow channels.  In soils, there are large pathways between soil 
aggregates that allow for flow and non-restricted diffusion, and also small pathways 
where diffusion is restricted due to small openings and tortuous pathways [90].  
Tortuosity values from several types of soils are similar to those for wood.  Fully 
saturated Bentonite sand mixtures have tortuosities of 1.5 to 3 [91]; those for 1.4-1.7 mm 
and 1.7-2.0 mm wood particles are 2.7 and 1.9, respectively.  Experiments done on lake 
sediments yielded lower tortuosity values, ranging from 1.1 to 2 [92].   
 
The diffusion of tritiated water and [36Cl] calcium chloride into porous ceramic spheres 
has been studied [93].  The spheres are aggregated media with distinct mobile and 
stagnant pore water regions.  The effective diffusion coefficients of the tagged chloride 
ion and the tritiated water were the same.  However, this leads to the tritiated water 
having a higher tortuosity value than the chloride ion.  We calculated tortuosities of 1.2 




ion was adsorbed onto the ceramic material.  In soils, charge exclusion becomes a factor 
in transport of materials and this may be the case in wood also.  
 
There was no apparent difference between diffusion into bound water and into free water, 
i.e. the diffusion coefficients remained constant throughout the process.  This differs from 
the isothermal adsorption of the water vapor into dry wood [94], where Fick’s law is not 
obeyed, since the diffusion coefficient changes as wood picks up more moisture.  Also, in 
similar diffusion experiments in soil, there was not a fraction of water that could not be 
diffused into [77].    
 
The lower tortuosity of pine versus aspen may have applications in pulping and wood 
drying.  Uniform chips are required for consistent pulping; small chips tend to overcook.  
However, the tortuosity of aspen chips increase with decreasing chip size, which will 
tend to somewhat offset the size effect.  In the drying of sapwood boards, liquid flow is 
significant [95], and is analogous to diffusion in that the flow will primarily follow the 
same tortuous pathways through which water diffuses into wood.  Although wood drying 
is affected by many variables, the more tortuous path in aspen will make drying more 
difficult in the initial and constant rate regime, as is the case for most hardwoods 
compared with softwoods [96].   
 
4.2 Sulfide Diffusion results 
As mentioned earlier, the sulfide diffusion reached equilibrium rapidly.  Figure 4-8 is an 

















Figure 4-8 Sulfide diffusion into 3.36 – 4.0 pine particles 
 
The Mt/Meq is the ratio of the amount of sulfide diffused into wood at time t compared to 
the quantity expected if equilibrium was reached, i.e. if the sulfide was able to access all 
the water in the wood.  In other words, the Meq value would be obtained if the 
concentration of sulfide in wood water was the same as that in the bulk water.  Note that 
the diffusion rate levels off well below the equilibrium value.  This contrasts with our 
previous results with tritiated water where the curve leveled off at the equilibrium value.  
Hence, the Figure 4-8 result suggests that the sulfide is not able to access all the water in 
wood, i.e. there are large regions in wood from which sulfide is excluded.  
 
Results for the effective diffusion coefficient and the tortuosity are provided in Table 4-2 





Table 4-2 Apparent tortuosity of sulfide diffusion into wood particles 
Size Fraction Radius De Std. Dev. Apparent Tortuosity 
(mm) (mm) X 10-5 cm2 s-1 σ HS- S2- 
3.36 – 4.0 0.76 5.73 0.80 0.21 0.31 
 
The tortuosity of a porous solid can be expressed as the actual diffusion path length 
divided by the diffusion path length if there were no solid material present.  By this 
definition, it is impossible to obtain a tortuosity of less than one.  Previously, we found 
that the effective diffusion for tritiated water into 2.0-2.4 mm size pine particles at 25 ºC 
was 1.11 x 10-5 cm2 s-1 and the resulting tortuosity was 1.6.  The self diffusion coefficient 
of water at the same temperature (25 ºC) is 2.5 x 10-5 cm2 s-1 [83, 84].  Hence, the 
diffusion of water in wood is slower than its self-diffusion, which is reasonable.  For the 
sulfide ion, De is 5.73 x 10-5 cm2 s-1, which is nominally faster than the self diffusion 
coefficients of 1.731 x 10-5 cm2 s-1 [9] for hydrosulfide or 2.6 x 10-5 cm2 s-1 [97] for 
sulfide.  Clearly, these unusual values for tortuosity and De indicate that there is more to 
the process than simple Fickian diffusion.   
 
These anomalies can be reconciled if charge exclusion is considered.  Cellulose and 
hemicellulose comprise the largest component of wood by weight.  The surface of 
cellulose in contact with water is negatively charged [98, 99].  The negatively charged 
sulfide ion could be excluded from diffusing into these negatively charged zones.  As a 
result the volume accessible to the sulfide ion would be lower than expected on the basis 
of pore volume alone.  This is the case in the work presented here, as seen in Figure 4-8.  
Chip porosity is another measure of the same phenomenon.  The porosity of sulfide 




value for the tortuosity, as observed in the Table 4-2 results. Charge exclusion is quite 
well known in chromatography [100, 101].  Anion exclusion has been reported in soils, 
membranes, and microbial polysaccharides [102-106].   
 
The term “effective porosity” has been used to describe a system where charge effects 
occur.  In uncharged media the tortuosity is a geometric representation of the pore 
morphology.  In charged systems, however, the pathways for cations and anions are 
different depending on the charge of the pore system [102].  This changes the porosity 
value of the individual ions.  In a charged system such as the one studied here, the 
effective diffusivity of a charged ion could be considerably greater than that in an 
uncharged system.   
 
Exclusion effects should also apply to the hydroxide ion.  In one study, the hydroxide 
concentration in the interior of cellulose was much lower than that in the bulk solution.  
This difference increased with increasing hydroxide concentration [107].  The effect 
originates from the negative charge on the cellulose.  Charge repulsion is, of course, also 
the basis of fibers swelling in strongly alkaline solution [108].  However, the lower 
apparent tortuosity for the sulfide ion suggests that it is more prone to exclusion than is 
hydroxide. 
 
It follows that if the volume of the wood chip accessible towards sulfide is low, then 
sulfide would diffuse more rapidly into the body of the chip than would hydroxide.  If the 




diffuse into similar volumes of water in the chip.  However, if only sulfide was excluded 
from certain regions in the chip, then it would have to diffuse to a greater extent into the 
body of the chip to access the same volume of water available to the hydroxide.  As a 
result, it would move faster towards the core.   
 
This is cleanly demonstrated in Figures 4.9 – 4.12 where a sweetgum chip was immersed 
in hot white liquor for a few minutes and then split in two along the z direction; i.e. the 
chip was opened like a book.  The black regions indicate sulfur ingress while the red 
areas show hydroxide ingress. 
 






Figure 4-10 Sulfide and hydroxide diffusion into sweetgum at 10 minutes 
 
 






Figure 4-12 Sulfide and hydroxide diffusion into sweetgum at 20 minutes 
 
One half was sprayed with phenolphthalein to image the ingress of the hydroxide ion; the 
other was stained with silver nitrate to outline the presence of sulfide.  Analogous results 






Figure 4-13 Sulfide and hydroxide diffusion into pine at 5 minutes 
 
 






Figure 4-15 Sulfide and hydroxide diffusion into pine at 15 minutes 
 
 
Figure 4-16 Sulfide and hydroxide diffusion into pine at 20 minutes 
 
As a point of record Gustafson et al.[109] stained wood chips with phenolphthalein as 
was done here to study the penetration of cooking chemicals into woodchips.  However, 
our use of dual indicators to simultaneously study the movement of sulfide appears to be 





The illustrations in Figures 4.9 – 4.16 provide compelling evidence that the sulfide 
reaches the core of the chip well before hydroxide does.  Some of the hydroxide will be 
consumed by wood acids as it enters the chip.  However, this loss should not slow down 
the hydroxide diffusion front significantly.  The phenolic groups [110], and glucuronic 
acid groups[111] add up to 0.00025 moles per gram of oven-dry wood.  Even if they were 
all available to react (which is unlikely), they would consume only about 6% of the 
hydroxide diffused into the wood. Hence, the results in Figures 4.9 – 4.16 are consistent 
with the lower porosity of the wood towards sulfide ion.   
 
The difference between hydroxide and sulfide porosity explains why it is important to 
have a high sulfide:hydroxide ratio during early pulping.  It follows that a part of the chip 
will be exposed to principally hydroxide during early pulping because the sulfide will be 
occluded from these regions.  Indeed, sections of wood will be exposed to much higher 
hydroxide:sulfide ratios than that present in the bulk liquor.  Reducing this ratio will 
minimize the degree of carbohydrate degradation.  It is well-known that a high 
sulfide/hydroxide ratio early in the cook leads to optimal pulping [112, 113].  Our results 
could offer an explanation as to why this is so.  If only hydroxide is allowed into certain 
parts of the chip, then carbohydrate degradation will occur without appreciable 
delignification.  Increasing the sulfide/hydroxide ratio will counter this effect by 
minimizing the concentration of hydroxide in the sulfur-occluded regions.  Presumably 
these regions will open up to sulfur as delignification progresses and the composition of 





The above discussion relates to time periods of a few seconds where the diffusion is 
assumed to be reversible.  However, sulfide is known to irreversibly bind to wood 
components [114].  In order to demonstrate that irreversible binding does not occur in our 
time frame, the loss of sulfide from white liquor was followed for prolonged periods. 
Results for both short and long time scales are shown in Figure 4-17 and Figure 4-18.   
 




























Figure 4-18 Diffusion of sulfide into pine particles at long times 
 
The sulfide content of the wood increases beyond the equilibrium value over the longer 
time frame, which is consistent with irreversible binding.  However, this occurs too 
slowly to affect the steady-state situation reached in the more rapid experiments from 
which the tortuosity values were derived.    
 
In summary, this work has shown that when a chip is initially exposed to white liquor, the 
effective porosity of the chip towards sulfide ion is lower that that towards hydroxide, 
and the sulfide is able to enter the interior of the wood much faster than does hydroxide.  
The proposed reason is that the sulfide is excluded from highly negatively charged areas 
in the wood because of charge exclusion.  As a result, the hydroxide:sulfide ratio could 
be much higher in the excluded regions than in the bulk liquor.  Pretreatment with green 




situation by allowing the sulfide more time to diffuse into regions in the wood where its 
diffusivity is low.   
 
4.3 Results from Fines Pulping  
This thesis reports the results of how water and sulfide diffuse into uniform size wood 
particles.  Since the diffusion of chemicals is important in kraft pulping, the same size 
particles used in the diffusion experiments were used for kraft cooking.  The tritiated 
water results suggest that diffusion is hindered for smaller particles and experiments were 
done to determine if this extended into pulping. 
 
A previous study showed that if hardwood fines are added to a cook with conventionally  
sized chips, the amount of fiber fines increases[82].  Since this did not occur in softwood 
cooks, it was possible that the fines were being consumed during the cook.  Kraft cooks 
were done on pine chips containing 20 percent fines.  As shown in Figure 4-19, there is 
no correlation between the H-factor and amount of fiber fines produced for these 























Figure 4-19 Fiber fines percentage of pulp versus extent of cooking (H-factor) 
 
The amount of fiber fines did not decrease throughout the cook.  It seemed that the pine 
wood fines did not have any effect on the amount of fiber fines produced.  When a 
similar study was done with hardwood, there was no correlation between extent of 
cooking and fiber fines produced.  More importantly, the control cook that had no wood 
fines added had the same amount of fiber fines produced as the cook with 20 percent 
fines added in.  This did not agree with the previous study.  The difference between the 
experiments was that the fines for the present experiments were generated on a Wiley 
mill and screened through a 3 mm hole screen.   
 
The fines produced in the Wiley mill and those sent from the mill were different.  Both 




when pulped.  A more extensive size classification was done on the different fines used in 
this experiment.  Tyler sieves mounted to an automatic shaker were used to classify the 3 
mm screened particles.  Table 4-3 shows the results of the fractionation. 
 
Table 4-3 Size classification of fines used in pulping experiments 
Sieve size Weight (%) 
range (mm) Sweetgum - Wiley fines Mix Hardwood - Mill Fines Pine - Mill Fines 
>2.00 5.6% 6.4% 53.5% 
1.70 - 2.00 13.0% 9.0% 12.2% 
1.40 - 1.70 22.8% 18.0% 13.2% 
1.00 - 1.40 34.4% 23.9% 15.1% 
1.000 - 0.850 9.9% 3.3% 6.1% 
0.850 - 0.600 11.5% 17.1% -- 
0.600 - 0.425 2.7% 15.5% -- 
0.425 - 0.180 0.0% 6.7% -- 
<0.180 0.0% 0.1% -- 
 
It is clear that most of the pine fines contain mostly large wood particles.  This could be 
the reason why no additional fiber fines are created when the wood fines are added.  The 
hardwood fines contain smaller particles, but there is a difference between the two.  
Figure 4-20 shows the difference between the hardwood fines from the mill and those 
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Figure 4-20 Size classification of fines sent from mill and fines produced on Wiley mill 
 
Although both fines fell through a 3mm hole, the mill fines contain smaller particles than 
the Wiley mill fines.  The data clearly show that even though something is classified as 
wood fines by passing through a 3mm hole screen, there still can be major differences in 
particle size composition.   
 
The next set of experiments was done by pulping only the wood particles from a 
particular size fraction.  Sweetgum chips were broken up with a Wiley mill and the 
subsequent particles were fractionated with Tyler sieves.  The cooking conditions were 
the same as before, except that the liquor to wood ratio was increased to 6:1.  Figure 4-21 



































Figure 4-21 Length-weighted fiber length of pulp made from sweetgum particles 
 
The fiber length results are as expected.  Smaller particles will give shorter fibers.  Figure 



































Figure 4-22 Fiber fines percentage of pulp made from sweetgum particles 
 
As the particle size decreases, more fiber fines are generated in the resulting pulp.  The 
increase is dramatic, the smallest particle size gives almost 20 percent fiber fines.   
 
Pine sawdust pulping was completed next.    Table 4-4 shows the results for the pine 
sawdust.   
 
Table 4-4 Summary of results for kraft cooking of pine particles 
Size H factor Kappa Fines Fiber length 
(mm)   # weight% (mm) 
.43-.60 1400 82.6 11.2% 0.81 
.60-.85 1400 96.1 8.6% 1.22 
.85-1.0 1400 85.5 5.7% 1.39 
1.0-1.4 1400 89.1 4.8% 1.53 
1.4-1.7 1400 79.5 4.8% 1.66 





As expected, the fiber length decreased as the particle size decreased.  Figure 4-23 shows 



































Figure 4-23 Length-weighted fiber length of pulp made from pine particles 
 
The small particles give fibers that are similar to hardwood fiber lengths.  Figure 4-24 





































Figure 4-24 Fiber fines percentage of pulp made from pine particles 
 
Once the particle size gets below the 0.85 mm threshold, the amount of fiber fines start to 
increase drastically.  Typical pine chips give about 5 percent fiber fines but with the 
smallest particles it increased to 11 percent.  In an industrial pulping operation, the wood 
particles that are classified as fines might be different in size depending on where the 
wood particles came from.  This could lead to variability in finished pulp that could 
potentially cause problems on the paper machine.   
 
Another unexpected event occurred while pulping the pine sawdust.  The sawdust pulp 
had a high kappa number compared to the pulped wood chips.  The kappa number test 
was repeated and the same high kappa numbers were found.  The only difference in 
cooking conditions between sawdust pulping and chip pulping was the liquor to wood 




cooking conditions were applied to both chips and wood particles to determine why the 
pine particles had a higher kappa number.  Table 4-5 shows the cooking conditions and 
the results for the pine cooks. 
 





AA g/L as 
Na2O 
L:W 
ratio H-factor Kappa # 
1 chips 18 50 4:1 1400 31.6 
2 sawdust .425 - .600 18 31 6:1 1400 78.7 
3 sawdust .600 - .850 18 31 6:1 1400 91.7 
4 sawdust .850 - 1.0 18 31 6:1 1400 81.4 
5 sawdust 1.0 - 1.4 18 31 6:1 1400 85.4 
6 sawdust 1.4 - 1.7 18 31 6:1 1400 75.0 
7 sawdust 1.0 - 1.4 27 50 6:1 1400 28.5 
8 chips 27 50 6:1 1400 29.5 
9 chips 18 31 6:1 1400 50.6 
10 sawdust 1.4 - 1.7 18 31 6:1 1400 73.0 
 
When the pine chips were cooked under the same conditions as the sawdust, the pulp 
gave a higher kappa number (50.6) than normal (30).  However, the sawdust pulp gave 
kappa numbers around 80.  The sawdust was then cooked with a higher concentration of 
alkali and the kappa number was back down to 30.  This implies that pine sawdust 
pulping requires more alkali to pulp to the same kappa number compared to normal chip 
pulping.  This increased alkali requirement has been reported elsewhere[115].  One way 
to combat the need for increased alkali is to use anthraquinone in the cooking 
formula[116]. 
 
Pulping sweetgum sawdust did not require any additional alkali.  The sweetgum sawdust 
had a higher liquor to wood ratio and hence had a lower concentration of alkali in the 




earlier, hardwood lignin is easier to pulp than softwood lignin, and southern pine has a 
higher percentage of lignin than sweetgum[85, 87].  It may be that the sweetgum sawdust 
requires more alkali to pulp but our experiments may have had excess alkali for the 
cooks.   
 
In Kraft cooking of wood fines or sawdust, the product quality is ultimately determined 
by the size of the particles.  The experiments have shown that classifying fines as 
particles that pass through a 3 mm hole screen will give fiber variability depending on the 





CHAPTER 5  
CONCLUSIONS 
 
In this thesis, it was shown that Fickian diffusion describes how water will diffuse into 
the water filled pores of wood.  Modeling of the transport of tritiated water into the wood 
particles was successful using a 1-dimensional cylindrical model.  Aspen and pine 
particles used in the experiments are representative of the two major classifications of 
trees, hardwood and softwood respectively.  The wood particles were fractionated and 
many different sizes were used.  The amount of tritiated water that diffused into the wood 
particles was same as the calculated amount it the tritiated water had only mixed with the 
amount of water in the wood.  There were no regions of the wood where the tritiated 
water could not diffuse into.   
 
The diffusion into and out of the particles is nearly identical, demonstrating that diffusion 
of water into saturated wood particles is completely reversible.  There was no hysteresis 
for the saturated wood as is common for water adsorption into unsaturated wood.  
Therefore, all the regions in fully saturated wood are equally accessible to the diffusing 
water molecules.  Water that is highly bound to the wood structure readily exchanges 
with the loosely bound bulk water.   
 
It was shown that as particles decreased in size the tortuosity increased.  This effect was 
more pronounced for the aspen particles.  This effect has been observed elsewhere and 




small particles.  Aspen had higher tortuosity values than pine, most likely resulting from 
aspen’s shorter fiber lengths.   
 
Similar diffusion experiments with sulfide yielded much different results.  As sulfide 
diffused into pine, it would level off at a point that was much lower than if the sulfide 
completely mixed with the wood moisture.  There were clearly areas in the wood where 
sulfide could not diffuse into at that time frame.  The calculated diffusion coefficients for 
sulfide were higher than the self-diffusion coefficient.  This was yielding tortuosity 
values that were less than one which physically are impossible.   
 
An explanation of these results may be charge exclusion of the sulfide ion by the 
negatively charged surfaces of wood.  The negatively charged sulfide ion could be 
excluded from diffusing into these negatively charged zones.  As a result the volume 
accessible to the sulfide ion would be lower than expected on the basis of pore volume 
alone.  The porosity towards sulfide should be lower than that for more neutral species, 
which would lead to a low apparent value for the tortuosity.  Therefore, a diffusing 
species into wood is not only influenced by its diffusion coefficient in water but also the 
interaction with surfaces of wood.  This will lead to molecules that have different 
effective porosities in wood depending on the specific interaction with the negative 
surfaces of wood.  Charge exclusion occurs in other media such as soils and membranes. 
 
The concept of sulfide diffusing rapidly into wood was verified when chips were soaked 




transporting further into the chips than hydroxide.  If sulfide is excluded from regions in 
wood that hydroxide is not, it will continue to diffuse into regions that are available to it.  
This will give the appearance that the sulfide is diffusing faster into the center of the chip 
when it is just diffusing into the areas where it is not excluded.   
 
In kraft pulping it is has been shown that pre-treatment of wood chips with high sulfidity 
solutions will lead to optimal pulping.  The results of this work may offer an explanation 
of this pretreatment and also why it is important to have a high sulfide:hydroxide ratio at 
the beginning of a cook.  Hydroxide will diffuse into regions where sulfide is occluded 
from and may participate in cellulose degradation reactions.  These regions may have a 
higher hydroxide:sulfide ratios than found in the bulk liquor.  Allowing greater time of 
contact with sulfide might allow it to diffuse into occluded regions.  In addition, 
polysulfide treatment may have a huge advantage over negatively charged sulfide ions 
due to polysulfide’s neutrality and thus ability to diffuse into regions that may be blocked 
off to negatively charged sulfide ions.   
 
Kraft pulping of wood fines and sawdust is different from pulping normal wood chips.  
Besides producing pulp with shorter fiber lengths, very small sawdust will produce a 
higher degree of pulp that is classified as fiber fines which may have an effect on 
downstream operations.  Pine sawdust pulping requires more alkali than cooking of pine 
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